Abstract. In order to improve the heat transfer efficiency of the condenser, a new type of heat exchange tube has been adopted. The heat transfer effect of the new heat exchange tube was further improved because of the screwed pipe. However, due to the complex flow in the condenser, research on this new type of heat exchange tube is mostly in the theoretical stage. In this paper, we present a numerical simulation approach to optimize the slot pitch and verify the results by experiment.
Introduction
With the development of our national economy, the demand for energy is increasing, hence the energy problem in our country is becoming more and more serious. In the field of thermal power generation, the main factor that affect the efficiency is the heat transfer efficiency of heat exchangers. Therefore, improving the operation efficiency of the condenser has been an important research subject in the area of thermal power energy conservation. For the sake of improving the efficiency of condenser, some scholars have proposed using stainless steel screwed pipe to replace the traditional copper tube in the condenser. Due to the adoption of stainless screwed pipe, the heat transfer coefficient increases. Meanwhile, the flow resistance and pump power of circulating pumps increase in consequence of the application of screwed pipe. Considering the effects of the two aspects, the overall economic benefits can be improved with the screwed pipe applied in the condenser [1] . However, due to the complexity of both internal flow and internal structure caused by the screwed pipe, it is difficult to analyze its influence of the screwed pipe in the overall operation theoretically, it is either difficult to determine the optimal pitch of screwed pipe.
In view of the above problems, numerical simulation was carried out on the screwed pipe with different pitch based on the numerical simulation theory. Then the energy loss of the whole unit was analyzed and the optimal pitch of screwed pipe was obtained. Besides, experiments aimed at verifying the results were undertook.
Theoretical Model
The main formulas for numerical simulation in this paper are derived from the basic equations of heat transfer, numerical heat transfer and fluid dynamics. In addition, the turbulent flow in a pipe was calculated by the standard K-ε model [1, 2] . According to characteristics of the model, some simplified assumptions were made as follows.
(1) In this paper, the flow and heat transfer characteristics of forced convection in the screwed pipe were mainly studied; besides, the condensation effect outside the tube was not taken into consideration. Therefore, second boundary conditions [3] were adopted in the simulation. (2) In this physical model, the thickness of the tube is 0. 5mm, and the thermal conductivity of the tube is 16. 2W/(m·°C). According to the empirical formula, the convective heat-transfer coefficient of the tube is between 100 to 10000 W/(m 2 ·°C) which meets the conditions of lumped parameter method in practical operation. Thus, the lumped parameter method was employed in the numerical simulation. The temperature inside the pipe wall was constant, so that it was set as the saturation temperature under the operating pressure of condenser.
(3) The discontinuity of material in the actual tube was neglected, hence the isotropic model was used in the numerical model.
(4) The noncondensing gaseous fluid was ignored. In addition, the thermal conductivity of dirt on the tube wall was not within consideration.
Numerical Simulation
In this paper, the parameters of screwed pipe used in physical model were determined according to the heat exchange tube in condenser of a 1000MW thermal power plant. The external diameter and wall thickness of tube was 20 mm and 0. 5 mm, respectively. Number of the thread head was 6,half of them clockwise spiraled, while the other half counterclockwise spiraled. Besides, the thread groove was only 0. 2 mm. In order to analyze the effect of different slot pitch, the slot pitchesof screwed tube were set as 40mm, 80mm, 120mm and 160mm in simulation. The screwed tubes with different slot pitches were shown in Figure 1～4 . ICEM CFD was employed for meshing in the 4 models. The maximum mesh size was 0. 8mm, while the thread groove size was set as 0. 2mm. According to mesh files for model dividing, the flow and heat transfer of the screwed tube model from Figure 1 to Figure 4 were simulated by using software ANSYS. The convective heat transfer coefficient and the total pressure loss were achieved by calculating, while the cloud charts of temperature distribution and pressure distribution were shown in Figure 5~10 . Along with the increase of slot pith, the heat transfer performance decreased (In Figure 5~7 ), while the total pressure loss became smaller (In Figure 8~10 ).
Comprehensive Economic Analysis Energy Loss Analysis
In energy loss theory, the various parameters that affect the coal consumption rate of power unit are considered to beuncorrelated under different loads, then the coal consumption rate can be represented as a total differential form of the deviation of theseparameters, as shown in equation 1.
(1) In equation 1, ∆y-the total increment of coal consumption rate, g/kW·h; ∆x i -the deviation of each parameter from the target value. In thermal power plant, the deviation of each parameter from the target value lead to the deviation of efficiency, and moreover, the deviation of efficiency causedthe fluctuation of the coal consumption, which is shown in equation 2. After the transformation of screwed tube, the parameters most closely affected were condenser vacuum and power consumption of circulating water pump, hence, the coal consumption rate of the two parameters were mainly analyzed in this paper.
Temperature Difference of Condenser after Modification
For the 1000 MW ultra supercritical unit studied in this paper, the target values of boundary parameters were as follows: the working pressure and temperature difference of condenser was 5. 47 kPa and 2. 5 °C, while the inlet temperature, temperature rise, and flow rateof circulating water was 26. 5 °C, 10 °C, and 2 m/s, respectively. In the transformed condenser, according to the calculation formula of the total average heat transfer of the condenser, the temperature difference after variation was obtained according to the total average heat transfer formula (shown in equation 3,4 ). n-the variation factor of heat transfer coefficient.
Power Consumption of Circulating Water Pump after Modification
In a condenser after the technical modification, the resistance loss of circulating water which included the resistance loss along pipeline and the local resistance loss from the inlet water chamber, the folding water chamber and the outlet water chamber increased obviously [4] . The total resistance loss and power consumption increment of circulating water pump were calculated in equation 5~7. 
Calculation Results
According to the method of numerical simulation, the convective heat transfer coefficient (in Figure  11 ) and resistance loss of condenser(in Figure 12 ) could be achieved after the application of screwed tubes. Considering the change of condenser working pressure caused by improved heat transfer coefficient and the variation of power consumption due to the increased resistance loss, the total coal consumption caused by the modification could be obtained by energy loss analysis. In Figure 13 , with the increase of slot pitch, the energy lossof the thermal unit decreased first and then increased. When the slot pitch of screwed tubewas about 70mm, the energy loss was minimum, that means the economic efficiency of the transformation was the highest. 
Experimental Results
In order to verify the correctness of theoretical calculation results, the following experimental platform was designed as shown in Figure 14 . The water was pumped into the water tank 1 and maintained constant water level. The steady flow velocity in the two kinds of pipe can be obtained by changing the height of water level, furthermore the convective heat transfer coefficient at different flow velocities can be calculated. The water pipe passed through the steam generator 2, so that the water in the pipe and the water vapor outside the pipe were fully thermal exchanged. Temperature and pressure measuring pointswereinstalled in the inlet, outlet and steam space of steam generator, respectively. While, a flowmeter was set at the outlet of water tube to measure the flow.
1-water tank; 2-steam generator by electric heating; 3-heat exchange tube; 4-flowmeter. In the experiment, the convection heat transfer coefficient can be obtained according to the measured temperature and flow. Since the convection heat transfer coefficient achieved by experiment was the total heat transfer coefficient of the whole heat exchange tube, while the convection heat transfer coefficient obtained by numerical simulation was the heat transfer coefficient of internal tube, therefore, the simulation coefficient need to be converted into the total coefficient for the sake of comparing with the experimental coefficient. For the screwed tube and stainless steel tube, as the thickness and material of the two types of heat exchanger tubes were same, the heat transfer coefficient of tube wall can be regarded as the same [5] . In addition, the heat transfer coefficient outside tube of screwed tube can be replaced by the outside coefficient of stainless steel tube [6] , then the total heat transfer coefficient of screwed tube can be calculated by equation 8. In table 1 , by comparing simulation results with the experimental results, the error of convective heat transfer coefficient was about 4% which was within permission, so that the correctness of numerical simulation results was verified. 
Conclusion
In this paper, the heat transfer coefficient and resistance loss of the screwed tube and stainless-steel tube were obtained through numerical simulation, furthermore, the variation of coal consumption caused by the retrofit of condenserwas achieved by the energy loss theory and the optimum value of slot pitch was determined with the minimum of the coal consumption. On the basis of simulation results, experimental setup was designed to validate the simulation results. The convective heat transfer coefficients of the two heat transfer tubes were simulated and compared, and the numerical simulation results were in good agreement with the experimental results. The method this paper proposed can be further applied to optimize the thread number, thread groove depth and other parameters.
